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. The earthquake caused widespread destruction in Nepal and parts of India and China with the total death toll exceeding 9000 and also injuring 23,000 in an area inhabited by about 8 million people. Moment tensor solutions from telesiesmic data suggest that the Nepal earthquake occurred on a 10-20 dipping sub-horizontal blind thrust fault at about 15 km depth with a strike of 290 from the north 1 . The M w 7.8 event was followed by 553 aftershocks with magnitude >4, including two events having magnitudes 6.1 and 6.6 on the same day 4, 5 . The largest aftershock occurred on 12 May 2015, about 150 km east of the main shock (Figure 1) .
Of the several large, devastating historical earthquakes that occurred in the Himalayan region, only four were instrumentally recorded: the 1897 Shillong Plateau, 1905 Kangra, 1934 Nepal-Bihar and the 1950 Assam earthquakes (Figure 1 ). These are the largest known earthquakes to have occurred at the intersection of basement and the décollement thrust faults that ruptured ~1400 km of the Himalayan detachment 6 . However, geodetic data of these earthquakes were either incomplete or not available 7 , and hence the epicentral location and source parameters of these earthquakes remain elusive. Therefore, precise measurement of the surface deformation caused by the 2015 Nepal earthquake has special importance from the perspective of tectonics of large earthquakes in the Himalaya. Earlier, the 1999 Chamoli (M w = 6.6) and 2005 Kashmir (M w = 7.6) earthquakes in the NW Himalayan region were studied using space geodetic techniques to determine their respective co-seismic displacements [8] [9] [10] . In this study we use synthetic aperture radar interferometry (InSAR) to map the co-seismic surface deformation caused by the M w = 7.8, Gorkha earthquake and thereby to infer source parameters of the earthquake using elastic half-space modelling.
The ~2500 km long Himalayan arc evolved as a result of the collision between Indian and Eurasian plates since 60-50 Ma, and is one of the most seismically active continental collision zones in the world. The continental collision followed by under-thrusting of a part of the Indian continental crust, overriding of a part of the Eurasian plate, folding and faulting were responsible for the growth and emergence of the mountain topography and several earthquakes along the entire Himalayan arc. The long-term crustal shortening in the Himalaya is accommodated in a southward-propagating thrust fault consisting of three main thrust fault systems, namely Main Central Thrust (MCT), Main Boundary Thrust (MBT) and Main Frontal Thrust (MFT), which progressively emerged at different stages 11, 12 . The southernmost thrust, MFT, is now considered to be the most active of the three and delineates the northern limit of the exposed Indian plate ( Figure 1 ). According to a conceptual tectonic model based on various geophysical data, it is suggested that MCT, MBT and MFT are connected to a detachment boundary known as the Main Himalayan Thrust (MHT) at a depth of 17-22 km (refs 6, 13) . MHT flattens beneath the Lesser Himalaya and forms a mid-crustal ramp at the front of the Higher Himalaya 14 . During the active thrusting of India under the Tibetan Plateau, MHT is known to absorb about 20 mm/yr convergence in Nepal, which is nearly half the present convergence rate between India and Eurasia [15] [16] [17] [18] . The elastic strain energy thus stored during the interseismic period is released periodically due to earthquakes causing rupture along the interseismically locked, brittle upper part of the MHT system beneath the outer and lesser Himalaya, which is characterized by a southern frontal ramp (MFT) 6, 7, 19, 20 . Whereas, aseismic slip induces stress accumulation at zones beneath the higher Himalaya, which triggers intense micro-seismic activity and elastic strain in the upper crust 13 . Hence, large-magnitude earthquakes are mostly confined to the basal thrust of MHT, which is close to the locked zone 21 . Co-seismic interferogram was generated using Sentinel-1 SAR data acquired during the descending passes on 17 and 29 April 2015. The interferogram was unwrapped and the topographic phases were removed using Shuttle Radar Topographic Mission (SRTM) data. The residual phases were converted to line-of-sight (LOS) displacement and geocoded to produce the co-seismic deformation map. The interferogram was detrended to reduce effects of orbital and ionospheric perturbations. The coseismic interferogram has high coherence (mean ~ 0.3) owing to its short temporal separation (12 days) and low baseline (37 m). This indicates that the effect of topography and surface changes between the data acquisitions are minimum, and the deformation map generated could be confidently attributed to the co-seismic deformation. Further, the post-earthquake data were acquired three days after the main shock, and hence the effect of postseismic deformation on the interferogram is expected to be minimum. Figure 2 presents the co-seismic interferogram of the 2015 Gorhka earthquake. The interferometric fringe pattern and fringe rate variation along the satellite direction clearly indicate surface deformation associated with the earthquake. The variation of fringes across the epicentral region is fairly smooth with reasonably good coherence (~0.3), which indicates that the rupture of the earthquake has not reached (broken) the surface. The deformation map generated from the interferogram (Figure 3 We model the earthquake as a planar dislocation buried in elastic half-space 25, 26 . The input parameters to the model are orientation (strike, dip and rake) and size (length, width and slip) of the rectangular fault. The model computes deformation at the surface with respect to the location and depth of the fault centriod. Fault parameters obtained from the waveform inversion model were used as initial constraints for modelling the surface deformation 1 . The geometry of the fault plane is optimized assuming uniform slip and looking for a minimum misfit with the InSAR data. The modelled deformation has been projected to the LOS of the satellite to compare with the observed deformation. We changed depth, dip and slip of the fault and generated a series of models to select the best-fit model which can reasonably explain the amplitude and shape of the observed InSAR deformation pattern. We find that the length (L = 170 km), width (W = 60 km) and strike (286) of the fault plane are well constrained by the orientation and shape of the observed deformation pattern. ALOS-2 interferogram 27 has also been considered to determine L and W, as the Sentinel-1 interferogram did not cover the easternmost extent of the deformation pattern (Figures 1 and 3) .
Our initial models with parameters of uniform slip 2-4 m along a fault plane area of 170  60 sq. km, dip 7-20, and depth 5-30 km could not completely explain the observed deformation pattern, particularly the subsided area towards north. The wavelength of the model deformation pattern appears to be broader than that observed for greater depths, whereas amplitude of the deformation signal overestimates for shallower depths. This clearly indicates that the slip along the 170  60 sq. km fault plane is not uniform. An attempt has been made to model the deformation with a non-uniform slip, with a large amount of slip confined to a smaller fault patch within the major fault plane. We varied the width (10-40 km) and length (50-100 km) of the fault patch and searched for the best-fit model over a range of slip values. Our best-fit model consists of 4.5 m slip confined to the centre fault patch of size 95  22 sq. km and 0.25 m for the rest of the fault plane (Figure 4) . The best-fit fault plane has a dip = 15 and rake = 98 with fault centroid at 85.45E and 27.85N located at a depth of 20 km. We notice that models with shallow depth (<20 km) clearly underestimate the wavelength of the deformation signal (Figure 4) . From the best-fit fault plane we estimated the earthquake moment released during the 25 April 2015 Gorkha, Nepal event as 5.2  10 20 Nm. This corresponds to a magnitude of M w = 7.75, which closely matches with the estimation obtained from seismic waveform inversion magnitude (M w = 7.8).
The InSAR data and model do not suggest surface rupture due to this earthquake despite having large magnitude and shallow hypocentre. However, recent palaeoseismological data showed that the 1934 Nepal-Bihar and the AD 1255 earthquakes did rupture the surface, leaving the fault trace on the surface south of Kathmandu 3, 28 . The 2005 Kashmir earthquake was also associated with a prominent surface rupture 8 . This clearly indicates the diversity in tectonics associated with great and large Himalayan earthquakes, as pointed out by Kayal 20, 29 . Elastic dislocation model suggests that most of the slip (4.5 m) occurred on a fault patch of size 95  22 sq. km at a depth ranging from 17 to 22 km (Figure 4) , with less slip (0.25 m) on the surrounding part of the fault plane. The projected slip on the surface correlates with the coseismic deformation and surface topography. The moment magnitude estimated from our model closely matches with that estimated from teleseismic data. The modelled slip value on the fault is comparable with the average of the distributed slip values (0-6 m) derived using inversion of InSAR and GPS data by Lindsey et al. 27 , and Wang and Fialko 30 , though their model has shallower dip (7-10). However, we notice that the steeper dip angle ~15 obtained in the present study is analogous to that of Sreejith et al. 31 . A more detailed discussion on the implications of steeper dip angle on earthquake nucleation in frontal Himalaya is provided later in the text. The hypocentral depth obtained using teleseismic data is 8-15 km (refs 1, 2) . The mismatch in depth estimation between InSAR and teleseismic data is expected considering the varied assumptions involved in InSAR and seismic modelling approaches, particularly the earth model adopted and the use of a point or planar source 32 . Further, uncertainties involved in depth estimation using teleseismic data may be high in the Himalayan region due to local variations in seismic velocity leading to discrepancy in depth estimation between InSAR and seismic data 33 , and structural heterogeneities existing in the underthrusting Indian plate 34 . The well-accepted hypothesis for large and great earthquakes in central Himalaya includes release of interseismic strain energy along the interseismically locked portion of the MHT 18, 19, 35 . Recent geodetic data suggest that during the interseismic period, aseismic thrust displacement occurs in the deeper and ductile northern part of the MHT alone, while no slow earthquakes have been detected in the brittle, external locked part of the MHT 15, 17, 18, 36, 37 . It is thus interesting to note that the area, depth and dip of our modelled fault plane are fairly consistent and overlap with the location of mid-crustal ramp in MHT with a dip angle ~16 at a depth of 10-25 km imaged from the seismic reflection and receiver function stacking 38, 39 . Godard and Burbank 40 suggested that one of the most important parameters that controls strain partitioning in central Himalaya is the dip angle of the thrust faults in the MHT system. The 1999 Chamoli earthquake exemplifies such an out-of-sequence event along a fault that dips ~15 northwards 10 . Experimental studies also suggest that in the case of dip-slip earthquakes, the rupture propagation is primarily controlled by the dip angle and density of the overburden rocks 41 . The comparatively steeper dip angle, depth and location of the fault centroid fairly coincide with the midcrustal ramp in central Nepal (Figures 1 and 4) 35 . This mid-crustal ramp, which connects the shallow section of the seismically active detachment in the south to the aseismically slipping deeper section in the north, is hence pivotal in earthquake generation with a potential to initiate multistage rupture processes 23 . Therefore, portion of the MHT where the mid-crustal ramp interacts with the shallow locked fault segment seems to spawn earthquakes. As a consequence, the locked portion of the MHT along the mid-crustal ramp could have yielded the Gorkha earthquake that propagated east-southeast of the hypocentre 22 . The high conductivity zone characterized by intense micro-seismicity deduced from magnetotelluric and seismological data also supports the role of midcrustal ramp, which must have acted as a barrier for stress build-up in central Nepal Himalaya 13, 42 . Nevertheless, we suggest that the combination of unreleased background store of energy and the strain energy accumulated since the release of high tectonic stresses associated with the 1934 Nepal-Bihar earthquake would have triggered the 25 April 2015 Gorkha, Nepal earthquake. This also testifies possible presence of seismic gaps in the region as enunciated earlier by several researchers 7, 19, 43 . A realistic nonlinear slip distribution model and variable dip angles along the fault plane may be required to further fortify these observations and models.
Major conclusions of the present study are as follows.
(1) The 25 April 2015, M w = 7.8 Gorkha, Nepal earthquake is associated with about 100  100 sq. km surface deformation and ~1 m upliftment near Kathmandu, and ~0.8 m subsidence towards north along LOS of the satellite. The maximum deformation caused by the earthquake is about 40 km east of the epicentre, suggesting an eastsoutheastward propagation of the rupture.
(2) Elastic dislocation modelling revealed that the rupture occurred on a north-dipping fault (dip = 15) with length 170 km and width 60 km along the strike (286). The model suggests large amount of slip (4.5 m) confined to the centre (95  22 sq. km) and less slip (0.25 m) on the surrounding parts of the fault plane.
(3) The moment release and magnitude estimated from the model are 5.2  10 20 Nm and M w 7.75 respectively, and closely match with the magnitude of seismic waveform observations.
(4) The area, depth and dip of the modelled fault plane are fairly consistent and overlap with the location of mid-crustal ramp in the MHT, which is pivotal in earthquake generation.
(5) The present study suggests that the 25 April 2015 Gorkha, Nepal earthquake would have been triggered due to the combined release of stored background energy and inter-seismic strain energy accumulated in the comparatively steeply dipping mid-crustal ramp along the MHT caused by the high plate boundary stresses since the 1934 Nepal-Bihar earthquake.
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